Introduction
Yeast cells become committed to enter and complete the mitotic cell cycle at a point known as Start in late G1. At Start a transcriptional programme is initiated, involving at least two transcription factors, SBF and DSCUMBF (for a review see [1, 2] ). These factors bind related promoter sequences known as SCB and MCB elements respectively. SBF controls principally the G1 cyclins CL,Yl, CLALV2, PCLl and PCL2 [3-51 whereas DSCl/MBF controls a much larger group of genes involved in the execution of S phase [1, 6] . CL,Nl and CLN2 have both SCB and MCB elements in their promoters and, at least under some circumstances (see below), either SBF or DSCl/MBF can control their expression.
This functional overlap is reflected in the genetics of the proteins constituting the transcription factors. The SBF component recognizing and binding to SCB elements is encoded by the S W 4 gene [7] , whereas the MCB binding protein of DSCl/MBF is encoded by MBPl [8] . Swi4 and Mbpl are related proteins showing substantial homology, including their DNA-binding domains. Either gene can be deleted without serious phenotypic consequences, but deletion of both genes is lethal [8] . This lethality can be relieved by the ectopic expression of either CLNl or CI,N2, indicating that the essential function of Swi4 and Mbpl is the expression of G1 cyclins and the consequent activation of the cyclindependent protein kinase Cdc28 [Z] .
T h e transcription factors SBF and DSC 1/ MBF are further related in a shared component encoded by the S W 6 gene [9-111. Swi6 has no specific affinity for SCB or MCB elements [8, 12] and may serve to activate SBF and DSCl as cells traverse late G1, ensuring that target genes are Abbreviations used: HSF, heat-shock factor; MAP, mitogen-activated protein.
expressed at the appropriate time in the cell cycle [l] . Strains deleted for S W 6 (swi6A) are alive but are lethal in combination with swi4A. As with the double deletion swi4A mhplA, the swi4A swi6A lethality can be rescued by ectopic CLN expression. Although swi6A strains are alive [3] they are sickly; however, given the number and nature of the SCB-and MCB-regulated genes it is surprising that swi6A strains are alive at all. This raised the question of whether there could be other hitherto undetected transcription activities influencing expression of MCB-and SCB-regulated genes and led us to search for additional transcription factors as outlined below.
A novel transcription factor activating MCB and SCB elements
A reporter plasmid consisting of three MCB elements upstream of the cytochrome c minimal promoter and the Escherichia coli lacZ gene [6] was introduced into a swi6A strain. The swi6 mutation reduced expression from the reporter [lo], allowing us to isolate a gene from a highcopy-number genomic library able to stimulate lacZ expression [ 131. The gene identified, BRYl (see below), was interacting directly with the MCB elements as their mutation abolished BRYl -induced expression. BRYl was not, however, specific for MCB elements as it also stimulated expression from the same reporter construct containing SCB instead of MCB elements.
DNA sequencing revealed BRYl to be identical with a recently identified gene, SKhT7, isolated as a suppressor of a cell-wall defect in budding yeast [14] . The most striking feature of the protein is the presence of a receiver domain (Figure l ) , previously only found in the response-regulator proteins from bacterial twocomponent signal transduction systems (for reviews see . The response-regulator is usually the transcription factor, the effector, of the systems, and consistent with this Skn7/Bryl contains a DNA-binding domain (Figure 1 ). This DNA-binding domain was related to that of eukaryotic heat-shock factors, although we could find no role of Skn7/Bryl in the heat-shock response. Also consistent with Skn7/Bryl 's being a genuine response regulator, it contains the aspartate residue (Figure 1 ) that receives the phosphate from the histidine kinase sensor protein, the other component of the system found in bacteria. Mutation of this aspartate to asparagine abolished the function of Bryl [13, 18] , arguing strongly that it is part of a genuine two-component system. The predicted histidine kinase sensor controlling Skn7/Bryl has not yet been identified.
Skn7/Bry I stimulates G I cyclin expression and bypasses the requirement for SBF and DSC I/MBF
Both MCB and SCB elements are found in the promoters of CLNI and CLN2, and high-copy SKN7/BRYl promoted expression from our MCB/SCB reporter construct. Accordingly, we explored whether high-copy SKN7IBRYl affected cyclin expression in vivo. Our initial approach was genetic: we showed that high-copy SKN7I BRYl allowed the growth of a ~w i 4 '~ swi6A strain at the normally restrictive temperature of 37°C [13] . The absence of these two genes is lethal, owing to a lack of G1 cyclin expression [3, 4] , suggesting that SKN7IBRYl was indeed providing an alternative means of cyclin expression. This was not simply suppression of the temperature-sensitive swi4 mutation, because SKN7/ BRYl could bypass the requirement for SBF by allowing growth of a swi4 swi6 double-deletion strain. Indeed, SKN7IBRYl in high-copy number restored viability to a swi4 mbpl double-deletion and even to a mbpl swi4 swi6 triple-deletion strain, so bypassing entirely the requirement for both SBF and DSCUMBF. The use of high-copy SKN7IBRYl in these experiments could be criticized as being nonphysiological, so the effects of deleting the SKN7/BRYl gene were examined. By itself this deletion had no obvious phenotypic conse-quences but when introduced into the ~w i 4 '~ swi6A strain a clear effect was apparent. The restrictive temperature of the strain was reduced by 3 "C, from 37 to 34 "C. Because ectopic CLN expression completely rescues growth of this strain, our data are consistent with an effect of the single genomic copy of BRYlISKN7 on G1 cyclin expression.
T o confirm the above genetic data, RNA hybridization [ 191 was done to directly examine the effect of SkN7IBRYl on transcript levels. In the swi41s swi6 strain held at 37"C, there is a rapid decrease in CLNl and CLN2 transcript levels but in the presence of high-copy SKN7I BRYl we detected increased levels of CLNl and CLN2 at 37 "C [13] . In contrast there was no effect on levels of the CDC9, CDC36, MET4, ACT1 or CLN3 transcripts. Thus, of seven transcripts studied, only CLNl and CLN2 were affected, so SKN7/BRY1 was not having a general effect on transcription but was specific for CLNl and CLN2.
In the swi4 swi6 and swi4 mpbl doubledeletion strains rescued by high-copy SKN7I BRYl, CLNl and CLN2 transcripts were detectable ( Figure 2 ). T h e levels were low but sufficient for slow growth. Because the only other means of allowing growth of these strains is by ectopic CLN expression, this result strongly supports the role of SKN7IBRYl in CLN expression.
In wild-type cells there was no significant Each CLN2 promoter construct was fused to the lacZ gene and examined for P-galactosidase expression in the presence of high-copy SKN7I BRYl. Deletion of UAS2 [20] had no effect on SKN7IBRYl -stimulated expression, whereas deletion of UAS1, containing the MCB and SCB elements, abolished expression. Examination of point mutations in these elements confirmed that SKN7IBRYl -dependent CLN2 expression occurred by means of the SCB and MCB elements [ 131. Thus BRYl was identified as a gene stimulating MCB and SCB elements in a reporter plasmid, it promotes CLNl and CLN2 expression and, at least with CLN2, functions through MCB and SCB elements.
Overexpression of SKN7IBRY I is lethal and reveals an interaction with the protein kinase C pathway
Growth of wild-type cells containing high-copy SKN7/BRYl is slower than control strains, suggesting that over-expression is deleterious. To explore this further, we fused the SKN7/BRYl structural gene to the powerful galactoseinducible promoter in plasmid pMW20. When wild-type cells carrying this construct and growing on glucose-containing medium were shifted to galactose medium they lost viability. Fluorescence-activated cell sorting and microscopic analysis showed that cells were arrested randomly in the cell cycle as large swollen cells that subsequently lysed. RNA hybridization showed little effect on C%N transcript levels. Given the known involvement of Skn7lBryl in cell-wall metabolism [ 14,181, the cell lysis phenotype suggested a cell-wall defect. This was confirmed by showing that the presence of 1 M sorbitol as an osmotic stabilizer in the medium was sufficient to prevent lysis and allow weak growth in galactose-containing medium. Surprisingly, the lethality caused by this high over-expression was not affected by mutating the phosphorylable receiver aspartate residue to an asparagine residue, suggesting that it might be due to a dominant negative effect.
The budding yeast protein kinase C homologue, Pkcl, controls a mitogen-activated protein (MAP) kinase pathway important for cell-wall synthesis (reviewed in [21] ). Deletion of PKCl results in a similar phenotype to that caused by high overexpression of SKN7IBRYl and is also rescued by 1 M sorbitol [22] . Moreover, extra copies of genes encoding components of the PCKl pathway weakly suppressed the lethality caused by SKN7IBRYl high over-expression, suggesting some sort of interaction between Pkcl and Skn7/Bryl. However, the pkcl b y 1 double-deletion strain is unconditionally lethal and is not rescued by 1 M sorbitol. Thus the interaction between these genes is synergistic rather than epistatic and hence SKN7IBRYl and PKCl have independent effects on cell-wall biosynthesis through separate pathways. Thus high over-expression of SKN7/BRYI has an effect on cell-wall metabolism but not through the PKC pathway.
Conclusions
The structure of Skn7/Bryl strongly suggests that it is a response regulator in a yeast twocomponent system. T h e functionally essential aspartate residue supports this idea, although no sensor component has yet been identified. However, one complete two-component system has been found in yeast consisting of the SI,Nl and SSKl genes [23] . Slnl is a potential histidine kinase sensor whereas Sskl is the cognate response regulator. Moreover, other likely eukaryotic two-component candidates have been identified largely on the basis of sequence similarities, including Arubidopsis [24] . Therefore it is likely that there will be a sensor component associated with Skn7/Bryl, and we are searching for this at present.
The Slnl-Sskl system mentioned above is 
MCB SCB cell wall gene
not an independent system, as is usually the case in bacteria, but connects with a typically eukaryotic MAP kinase pathway, the HOG osmosensing pathway [23] . Although we detected a connection between Skn7/Bryl and the PKC MAP kinase pathway, as have others [18] , this was not direct. Rather, Skn7/Bryl and Pkcl simply impinge upon the same metabolic system, namely cellwall biosynthesis. T h e cell-wall effects of SKY71 BRYI high over-expression do not depend upon phosphorylation of the aspartate residue. Thus it may be a dominant negative effect, preventing a normal cell-wall biosynthetic function. Skn7/Bryl is certainly likely to be part of a more complex system (Figure 3 ) . T h e potential DNA-binding domain has similarity with that of eukaryotic heat-shock factors but has no similarity with the DNA-binding domains of Swi4 and Mbpl. Because Skn7/Bryl activates a reporter plasmid through MCB or SCB elements and its effect on CZ, , V2 expression at least is through these elements (Figure 3 ) , it must be activating some other transcription factor that does recognize these elements. This could be Mbpl, which would account for the rescue of the szci4A swi6A strain, but with the szci4A rnbplA rescue some other transcription factor must be involved. In fact there are at least three other proteins currently known to have DNA-binding domains related to Swi4 and Mbpl [ 2 5 ] , including Phdl, which is involved in psuedohyphal development [26] . Activation of any of these might account for the increased C L S expression observed.
It could be significant that the effects of T h u s it may function to provide an initial boost to CI,N levels as part of the complex controlling events that impinge on Start and result in full Cln-Cdc28 activation [2] . T h e Skn7/Bryl pathway might, for example, respond to the presence of particular nutrients or other external factors. Apart from these effects on CLh' expression, the Skn7/Bryl pathway also affects cell-wall metabolism, two apparently unrelated events.
However, bud emergence and consequent cellwall biosynthesis occur at or shortly after Start when CLN expression is activated. In fact these events, together with the initiation of S phase, are coordinated in late G1. Part of this co-ordination could be the control of certain genes regulating aspects of cell-wall metabolism by MCB or SCB elements [ l ] (Figure 3 ) . Indeed, we have recently found such genes, so the dual effect of Skn7/Bryl on both cell-wall metabolism and CLN expression could reflect the co-ordination of different cell cycle events in late G1. A transcription factor regulated by the retinoblastoma tumour suppressor gene product and viral oncoproteins
In recent years there has been a great deal of interest in understanding the molecular details of E2F and the pathway that regulates its activity. This is because results from a variety of studies have suggested that it plays a pivotal role in coordinating and orchestrating cell-cycle progression by integrating events which occur during early cell-cycle progression with the transcription apparatus [ 11.
The observation that very much increased the level of interest in E2F was its identification as a physiological target for pRb (Figure 1 ). Inactivating mutants of Rb exist in a wide variety of human tumour cells, where re-introduction of a wild-type Rb gene can suppress their ability to grow in vim and in vivo [Z] . T h e effect of pRb is to prevent exit from G1 into S phase, and it is widely believed that the hrpophosphorylated form of pRb is responsible for this negative growth regulation [Z] .
Within pRb there is a region encompassing about 400 residues, referred to as the pocket, which can bind with high affinity to a number of viral oncoproteins, such as the adenovirus E l a protein, SV40 large T antigen and certain 'highrisk' types of human papilloma virus E7 proteins [1,2]. The ability of these viral proteins to immortalize and transform cells reflects their ability to bind to pRb. Furthermore, all naturally occurring mutants in Rb isolated from human tumour cells affect the pocket region of the pro- tein and generally are not able to bind to viral oncoproteins. These observations suggested that cellular proteins bind to the pocket region of pRb, that these interactions are necessary for pRb to negatively regulate growth and that viral oncoproteins overcome these regulatory interactions by sequestering pRb.
T h e discovery that pRb binds to E2F suggested that pRb may exert its growth-regulating effects by controlling transcription, an idea subsequently confirmed through experiments which established that pRb represses the transcriptional activity of E2F [l] . Furthermore, viral oncoproteins can overcome pRb-mediated transcriptional inactivation to convert E2F into the transcriptionally active state. T h e importance of regulating the transcriptional activity of EZF for 
Regulation of E2F
Transcription factor E2F exists in an inactive state when bound to a pocket protein (pp), such as pRb p107 or p130 During cellcycle progression, transcriptionally active E2F is released from the pp complex due to the activty of cyclin-cdk (cyclin-dependent kinase) complexes, which phosphorylate pps and prevent the association with E2F The products of viral oncogenes, such as adenovirus E I a, W40 large T antigen and the E 7 protein of certain 'high-risk HPV serotypes bind pps and thereby release active E2F Mutation in Rb also results in proteins which fail to bind E2F Active E2F increases the transcriptional activity of responsive cellular genes required for cell-cycle progression GI -* Sphase u
